ABSTRACT. Trophoblastic cells were separated and cul-culture, perfusion, and serial samples of newly delivered, unpertured from human first trimester and term placentae for fused placental tissue. During hypoxia placental anaerobic glystudies on energy metabolism. Changes in the catabolism colysis is activated, as evidenced by increased uptake and conof prelabeled adenine nucleotides and the adenylate energy sumption of glucose and production of lactate (2, 4, (7) (8) (9) (10) (11) (12) . Stores charge (EC) were followed during energy deprivation. EC of glycogen, which are present in placental tissue throughout was 0.70 f 0.04 (mean f SD) in the first trimester and pregnancy, are well preserved, when exogenous glucose can be 0.65 + 0.08 in the term cells before experiments. Both used in accelerated glycolysis (2, 7). However, substantial glycoduring hypoxia (N2-atmosphere) and in the absence of genolysis takes place during hypoxia, when availability of free glucose, ATP and EC were preserved for up to 8 h. 2-glucose is limited (5, 11, 13) . Despite the increase in ATP Deoxyglucose caused a fall in ATP to 12.1 + 5.0 and 14.8 production through anaerobic glycolysis, tissue ATP and total + 7.4% of initial levels, and in EC to 0.46 f 0.04 and 0.42 adenine nucleotides decrease under these circumstances. The EC + 0.05 in the first trimester and term cells, respectively. also declines from the normal range of 0.70-0.81 to 0.55-0.71
+ 0.05 in the first trimester and term cells, respectively. also declines from the normal range of 0.70-0.81 to 0.55-0.71
In first trimester cells, inhibition of oxidative phosphoryl- (2, (7) (8) (9) (12) (13) (14) . ation by rotenone in the absence of glucose resulted in a
The human placenta seems able to maintain major energysignificantly slower reduction of ATP and EC than after requiring processes (lipid and steroid synthesis, amino acid acdeoxyglucose, whereas in term cells, the initial responses cumulation, etc.) and a stable carbohydrate metabolism for were similar. Of total adenine nucleotides degraded, 7.1-several hours by anaerobic glycolysis alone (2, 4, 5, 11) . When 10.5% were released extracellularly as adenosine, when its activity of glycolysis is decreased, these processes are rapidly deamination was inhibited. Human trophoblast appears to impaired (5, 7) . tolerate transient hypoxia or deprivation of exogenous
The effects of energy substrate deprivation on the metabolically glucose. Susceptibility to energy deprivation increases with most active part of the placenta, the trophoblast, cannot be gestational age. The main pathway for AMP-catabolism is reliably judged on the basis of the studies referred to, because deamination, but the trophoblast is able to produce aden-the trophoblast constitutes only about 13-15 % of term placental osine during accelerated adenine nucleotide catabolism. weight (15) . (Pediatr Res 24: 373-379,1988) It has also been shown that acute hypoxia enhances production of vasodilatatory prostaglandins in human placenta (16) , and Abbreviations that adenosine is released from perfused tissue during ischemia (17) . However, blood flow autoregulation reactive to hypoxia or EC, adenylate energy charge other stimuli has not been demonstrated in human placenta. MEM, minimum essential medium
We used enzymatic dispersion of placental tissue followed by FBS, fetal bovine serum density gradient sedimentation to obtain cultures of trophoblastic IMP, inosine 5'-monophosphate cells for this study. Cell types were identified by staining for intermediate filaments, and specific function was ascertained by the production of human chorionic gonadotropin. The aims of our study were I ) to evaluate the effects of oxygen The human placenta appears to consume up to 60% of the and glucose deprivation on the metabolic integrity and adenine glucose 2) and 20% of the oxygen (3) delivered to the nucleotide metabolism in human first trimester and term trofetoplacental unit. Both are used at high rates to meet the energy phoblastic cells in primary culture, and 2, to assess tro~hoblastic requirements of a multitude of synthetic and transport functions. adenosine production during accelerated adenine nucleotide caReduction in availability of glucose or oxygen will result in tabolism. impairment of placental functions (4, 5) . Toward the end of pregnancy, both the growth and synthetic functions of the pla-MATERIALS AND METHODS centa decrease, gross and microscopic vascular abnormalities become common, and disturbances in fetal oxygen and substrate
Preparation of cell cultures. Normal first trimester placentae supply are frequent (6) . (6-12 gestational wk) were obtained from legal terminations The effects of oxygen and glucose deprivation on human using forceps before vacuum extraction of the remainder of the placental metabolism have been studied in vitro using organ conceptus. Term placentae (39-4 1 wk) were obtained from elective caesarean sections. A total of 10 primary cultures was
VETTENRANTA AND RAIVIO
In preparation of the cultures, we used a modification of our previously described method (18) . Briefly, first trimester villous tissue was incubated in MEM [Eagle's modification, with Hanks' salts and 25 mM sulfonic acid (HEPES), without L-glutamine, pH 7.4, Gibco Europe, Paisley, Scotland], containing 0.1 % collagenase (type IV, Sigma Chemical, St. Louis, MO), 0.06% hyaluronidase (Sigma), 0.0 1 % soybean trypsin inhibitor (Sigma), and 0.00 1 % deoxyribonuclease (type I, Sigma) (enzyme medium) for 5 min at 37" C. The enzymatic digestion was repeated three times, and the filtrates were pooled and sedimented at 150 x g for 5 min at 4" C. The cells were resuspended in MEM containing 0.003% deoxyribonuclease, and allowed to sediment through FBS (heat-inactivated, M.A. Bioproducts, Walkersville, MD) at unit gravity and room temperature for 60 min. The supernatant was discarded, the cells were washed, and resuspended in MEM containing 20% FBS (dialyzed at 4" C for 7 days against 0.9% NaCl with daily exchanges to remove purine precursors, e.g. hypoxanthine), and penicillin (100 IU/ml) plus streptomycin (100 pg/ml) (culture medium). Cells were cultured as suspension on uncoated Petri dishes (diameter 90 mm, Sterilin, Feltham, UK) at 37" C in 95% air-5% C02.
Term villous tissue was incubated in enzyme medium for 20 min. Digestion was repeated three times, and the filtrates were pooled, centrifuged, and sedimented twice through FBS as described above. The cells were resuspended in culture medium and cultured as described above.
Neither the first trimester nor term cells attached to the culture dishes during 2 days. Trophoblastic cells, prepared essentially as described above, have previously been shown not to grow or divide during the first 6 days of primary culture (1 8) .
Staining for intermediatefilaments. Cell smears were prepared by centrifuging 100 p1 of cell suspension in a Shandon Elliott Cytospin centrifuge (Shandon Southern Instruments, Sewickley, PA) at 55 x g for 7 min at room temperature, fixing in methanol at -20" C for 30 min, and washing twice in phosphate-buffered saline, pH 7.4 (Orion Diagnostica, Espoo, Finland). For double indirect immunofluorescence, the cells were first reacted with polyclonal rabbit anti-vimentin antibodies (1 9), kindly provided by Dr. Ismo Virtanen, Department of Pathology, University of Helsinki, Finland, followed by fluorescein isothiocyanate-coupled sheep anti-rabbit IgG (N.L. Cappel Laboratories, Malvern, PA), and washed. Thereafter the specimens were reacted with monoclonal mouse anti-cytokeratin antibodies (Labsystems, Helsinki, Finland), followed by tetramethyl rhodamine isothiocyanate-coupled goat anti-mouse IgG (N.L. Cappel). In fluorescence microscopy a Leitz Wetzlar Periplan microscope was used.
Preincubation. After 24 h in culture, both first trimester and term cells were resedimented once through FBS. For labeling of purine nucleotides, cells were resuspended in culture medium containing [8-I4C] adenine (specific activity 55 mCi/mmol, Amersham International, Amersham, UK) at a final concentration of 100 pM, and further incubated at 37" C in 95% air-5% C02 for 17 h.
Metabolic integrity of cultured cells was monitored in all experiments with the EC (ATP + 1/2ADP/AMP + ADP + ATP) (20) calculated from radioactivity in the nucleotides. Assessment of cell viability using vital dyes (e.g. trypan blue) is not reliable because of the syncytial structure and variable size of the cultured trophoblastic elements. After prelabeling, the cells were washed twice with phosphatebuffered saline, resuspended in RPMI 1640 medium (GIBCO, Grand Island, NY) containing 25 mM HEPES, pH 7.4, 1% bovine serum albumin (Sigma), penicillin and streptomycin, but no glucose (incubation medium), and plated onto Nuclon Microtest (Nunc, Roskilde, Denmark) plates.
Preliminary experiments. For experiments in a hypoxic atmosphere, cells in Krebs-Ringer phosphate buffer, pH 7.4, with 5.5 mM D-glucose were placed in a chamber gassed with 100% N2 for 10 min, then the chamber was tightly sealed, and the cells were incubated at 37" C for 8 h. At the end of incubation, the suspension was centrifuged at 150 x g, the supernatant was removed, and 0.42 N perchloric acid was added on the cell pellet on ice. Perchloric acid was also added into the supernatant to a final concentration of 0.42 N. The samples were neutralized with 4.42 N KOH, and cell extracts were centrifuged at 300 x g for 10 min to separate acid-insoluble nucleic acids from acid-soluble purine compounds. Samples were stored at -20" C.
In another set of preliminary experiments, cells were cultured in incubation medium not containing D-glucose at 37" C for 4 h in 95% air-5% CO2. Termination of experiments, etc. were performed as described above. Effects of deoxyglucose and rotenone. Cells were preincubated for 60 min in the absence or presence of 2 pM deoxycoformycin (National Cancer Institute, Bethesda, MD) to inhibit adenosine deaminase (2 1).
The medium was then replaced by incubation medium containing no D-glucose but either 5.5 mM Zdeoxy-D-glucose or 100 nM rotenone (both from Sigma) with or without 2 pM deoxycoformycin, depending on the conditions of preincubation. Incubations were continued for 30,60, 120, or 240 min at 37" C in 95% air-5% C02, terminated, etc. as described above.
In experiments involving inhibition of oxidative phosphorylation, control cultures containing 100 nM rotenone and 5.5 mM glucose were also included.
Thin-layer chromatography. Purine nucleotides were separated on polyethyleneimine cellulose thin layer plates (Macherey-Nagel, Diiren, FRG) with a stepwise formate gradient as previously described (22) . Purine nucleosides and bases were separated from each other and nucleotides using a modification of a previously described method (22) . Briefly, we used 10 x 10 cm pieces of plates and developed them first in butano1:methanol: water:ammonia (60:20:20: 1) and in the second dimension acetonitri1e:O. 1 N ammonium acetate, pH 7.0:ammonia (60:30: 10). Spots representing separated purine compounds were visualized under UV light, cut out from the chromatogram sheets, and counted in 5 ml of Aquasol (New England Nuclear, Boston, MA) using a Wallac Ultrobeta 12 10 liquid scintillation counter (LKB Wallac, Turku, Finland). Radioactivity in the nucleic acids was measured by counting the acid-insoluble pellet.
Other analyses. The concentrations of the @-subunit of human chorionic gonadotropin in culture media were assayed using the method of Pettersson et al. (23) . Protein was measured as previously described (24) .
Statistical analysis. All experiments were performed in duplicate. Comparison of a single parameter between two groups was performed using the Mann-Whitney U test (nonparametric). All results are expressed as mean f SD/mg of cell protein. Calculation of actual cell numbers in cultured cell suspensions could not be reliably performed due to the syncytial structure of the majority of cultured trophoblastic elements.
RESULTS
Characterization of cultured cell population. The primary, short-term cultures obtained from first trimester and term placentae consisted of single cells, cell aggregates, and syncytial elements free from red blood cells and cell debris. Trophoblastic cells were approximated to constitute more than 95% of the cell population in the four first trimester and five term cultures studied. This was evidenced by the uniform presence of cytokeratin-type intermediate filaments in the cytoskeleton of these epithelial cells (Fig. 1A) . Occasional single mesenchymal cells, not expressing cytokeratin-but vimentin-type of intermediate filaments, could be seen (Fig. 1 B) .
As a sign of specialized function, the production of human chorionic gonadotropin peaked at 650 f 280 IU/mg protein (n = 4) in the first trimester and 1.35 + 1.20 IU/mg protein (n = 6) in term cultures during the first 24 h. Thereafter the production steadily declined toward the end of primary culture, as described previously (1 8). Preincubation and controls. I4C-adenine was incorporated into adenine nucleotides significantly (p < 0.00 1) more in first trimester than in term cells (29.1 -1-11.7 and 2.8 k 2.5 nmol/mg protein, respectively) (n = 10 in both groups). Less than 5% of the incorporated radioactivity was found in nucleic acids. No labeled adenosine or nucleotides were present extracellularly.
After preincubation, EC was 0.70 + 0.04 in the first trimester and 0.65 + 0.08 in term cells. These values are not significantly different from those (0.70-0.81) observed in fresh placentae delivered through elective caesarean section (7, 12) . Absence of labeled extracellular nucleotides was further evidence for metabolic integrity of the cultured trophoblastic cells.
When prelabeled cells were further incubated for 4 h in fresh medium containing 5.5 mM glucose, radioactive ATP, and total adenine nucleotides decreased to 43.3 -1-15.7%, (n = 10) and 48. Preliminary experiments. The effects of oxygen deprivation in the presence of glucose, and those of glucose deprivation in the presence of oxygen, on adenine nucleotide metabolism and EC were assessed.
Absence of oxygen (100% N2 atmosphere) in the presence of glucose had no effect on cellular energy status in term tropho- Both first trimester and term trophoblastic cells thus appeared to be able to maintain adequate production of ATP with anaerobic glycolysis alone and to tolerate absence of exogenous glucose for at least 8 h.
Effects of deoxyglucose. In both first trimester and term trophoblastic cells deoxyglucose caused a rapid decline in ATP to 15.9% (n = 5) and 22.8% (n = 5) of initial values, respectively ( Fig. 2 A and B) . Total adenine nucleotides were also significantly ( p < 0.01) reduced to 31.6 + 6.7 and 39.2 + 10.9%, respectively. Some accumulation of AMP took place simultaneously (Fig. 3  A and B) . These changes were accompanied by a significant ( p EC also rapidly decreased (Fig. 4 A and B) . A slight but not significant recovery in EC was seen toward the end of the experiments. The overall changes in EC were parallel in the first trimester and term trophoblastic cells under these circumstances. Intracellular AMP can be dephosphorylated by cytoplasmic 5'-nucleotidase (E.C. 3.1.3.5) to adenosine or deaminated by AMP-deaminase (E.C. 3.5.4.6) to IMP. In the absence of the adenosine deaminase inhibitor, deoxycoformycin, no accumulation of adenosine took place. In the presence of deoxycoformycin, however, adenosine gradually accumulated extracellularly (Fig. 5 A and B) . Adenine nucleotide catabolism was otherwise not affected by deoxycoformycin. Adenosine accounted for 9.7 + 6.6% and hypoxanthine for 83.9 + 15.7% of total adenine nucleotides degraded in the first trimester and for 9.8 + 3.8% and 82.7 + 17.3% in the term cultures, respectively.
No labeled nucleotides were shed into the culture medium.
Effects of deoxyglucose in the presence of D-glucose were not studied, because D-glucose largely prevents the induction of adenine nucleotide catabolism by deoxyglucose (25) .
Effects of rotenone in the absence of glucose. Blocking mitochondrial electron transport with rotenone resulted in rapid breakdown of ATP. In first trimester (n = 5) cells, the initial decline was significantly ( p < 0.05) slower than that observed in the presence of deoxyglucose ( Fig. 2A) . In term (n = 5) cells initial reductions induced by deoxyglucose and rotenone were
parallel, but the latter ended up at a significantly ( p < 0.05) lower level (Fig. 2B) . In early trophoblast, reduction in total adenine nucleotides paralleled that in ATP, and the increase in AMP was slow (Fig. 3A) . In late trophoblast, the initial changes in both adenine nucleotides (a decrease to 41.5 & 13.2%) and AMP (Fig. 3B) (Fig. 4A) . In term trophoblastic cells, initial impairment of EC was parallel but the final level significantly (p < 0.05) lower after rotenone than after deoxyglucose (Fig. 4B) . The overall effect of rotenone on EC in term cells significantly (p < 0.05) exceeded that in first trimester cells.
Rotenone caused no accumulation of labeled adenosine in the absence of adenosine deaminase inhibition. In the presence of deoxycoformycin, extracellular accumulation of adenosine was not significantly different from that observed in the presence of deoxyglucose (Fig. 5 A and B) . Of total adenine nucleotides degraded 7.1 + 2.7 and 84.6 + 6.2% were recovered extracellularly as adenosine and hypoxanthine in the first trimester and 10.5 k 4.2 and 79.9 k 9.1% in the term cultures, respectively. Again, deoxycoformycin had no effect on the rate of adenine nucleotide catabolism, and no labeled nucleotides were present extracellularly. adverse effects on the metabolic integrity of the human trophoblast. Radioactivity in nucleotides has been widely used to monitor changes in the total amounts of intracellular nucleotides. These studies have shown that labeled and non-labeled ATP are not compartmentalized within cells, radioactivity in nucleotides reflects actual molar concentrations, and labeled and nonlabeled ATP break down at similar rates on induced nucleotide catabolism (25) (26) (27) .
Trophoblastic energy metabolism. The human placenta is characterized by a high glucose utilization rate (0.4-0.5 pmol/min/ g) (1). Glycolysis has been reported to account for as much as 70 and 90% of total glucose utilization in the first and third trimester placentae, respectively (28) .
Dependence of trophoblastic energy status on a high rate of glycolytic ATP production is consistent with our findings that a rapid and irreversible reduction in intracellular ATP and deterioration of EC occur in the presence of deoxyglucose. In addition to inhibition of glycolysis, this compound induces ATP depletion through a decrease in intracellular inorganic phosphate (33) .
Although about 20% of placental glucose utilization occurs aerobically, oxidative phosphorylation appears to produce more than 80% of ATP under normal circumstances (1, 2) . However, during hypoxia anaerobic glycosis seems capable of maintaining the metabolic integrity of the trophoblast (2, 4, 5) . This is supported by our observations that ATP and EC are preserved in trophoblastic cells subjected to hypoxia in the presence of glucose.
We also found that the metabolic integrity of the cultured cells did not deteriorate in the absence of exogenous glucose. The human placenta contains glycogen as well as possesses the ability to release glucose-1-phosphate from glycogen throughout gestation (13) . Ability of the placenta to respond to an increased demand for glucose with enhanced glycogenolysis has also been demonstrated previously (5, 1 1, 13) .
Experiments performed in the presence of rotenone and in the absence of glucose show that an increased demand for ATP production through anaerobic glycolysis, in the face of decreased availability of substrate, results in rapid impairment of trophoblastic energy status. Under these circumstances, reductions in ATP, adenine nucleotides, and EC were slower in the first trimester than in term trophoblastic cells. This may be due to the substantially larger stores of glycogen in the first trimester trophoblast (29) .
Increase in anaerobic glycolysis and deterioration of cellular energy status have been reported in ischemic placental tissue after birth (7, 9, 12) . Concentrations of ATP, total adenine nucleotides, and the EC were reduced by 35-60%, 10-30%, and 15-20%, respectively, during 20-80 min of ischemia.
However, conclusions concerning trophoblastic energy metabolism cannot be drawn from studies using randomly sampled, ischemic placental tissue. This is due to difficulties in determination of the duration of ischemia, the availability of glucose and oxygen in intervillous blood, the influence of substrate gradients within the unperfused tissue, and the contribution of villous mesenchyme to the changes observed in these studies.
Pathways of adenine nucleotide catabolism in the trophoblast. In the presence of adenosine deaminase inhibition, and either deoxyglucose or rotenone, less than 15% of the adenine nucleotides catabolized could be recovered as adenosine. Accumulation of AMP was less than that of IMP under these circumstances, and the main purine degradation product was hypoxanthine. The ability of hypoxanthine/guanine phosphoribosyltransferase (E.C. 2.4.2.8) to convert hypoxanthine to IMP has been shown to be drastically reduced under similar circumstances (27) . Therefore, the possibility of hypoxanthine contributing to the observed IMP accumulation was considered not significant. Also, the possible effect of purine synthesis de novo on our results was not considered significant, because the ability of the human trophoblast to synthesize purines de novo appears to be extremely limited in vitro even in the presence of ample glucose and oxygen (30) .
Thus, the main pathway for AMP catabolism during accelerated adenine nucleotide catabolism seems to be deamination to IMP rather than dephosphorylation to adenosine. This finding is at variance with the previous proposition (3 1, 32 ) that the bulk of AMP formed in the term placenta during adenine nucleotide catabolism is dephosphorylated rather than deaminated. However, this hypothesis was based solely on apparent activities of enzymes measured in term placental extracts.
Our data also suggest that AMP deamination predominates over dephosphorylation in the presence of both decreasing (deoxyglucose) (33) and increasing (inhibition of oxidative phosphorylation) (34) intracellular concentrations of inorganic phos-phate. This is in accordance with the regulatory characteristics of human placental cytoplasmic 5'-nucleotidase (35) . Under physiological conditions the enzyme appears to be regulated mainly by nucleoside 5'-monophosphates, nucleoside di-and triphosphates, and Mg2+, but not by inorganic phosphate. Kinetic properties of this 5'-nucleotidase may also account for the somewhat larger accumulation of IMP compared to AMP, inasmuch as the former has a higher Km (30 pM) than the latter (18 pM), and the V, , , is lower. Kinetic parameters, and particularly the regulatory role of inorganic phosphate, of placental adenylate deaminase are not known.
It has also been shown that the syncytial brush border membrane of human placenta has an active, sodium-dependent transport mechanism for phosphate (Km 162 pM at pH 7.5 and in the presence of 100 mM sodium). This mechanism was proposed to be responsible for the maternal-fetal gradient of phosphate (36) , and it appears to be saturated under our experimental conditions. High intracellular concentration of inorganic phosphate may be the cause of the seemingly minor role for phosphate in the regulation of trophoblastic purine nucleotide catabolism.
Trophoblastic production of adenosine. Evidence for a role for adenosine in the regulation of coronary, cerebral, and hepatic blood flow has recently accumulated (37) (38) (39) . The presence of high-and low-affinity receptors for adenosine in the human placenta has been established (40) , and a vasodilatory effect of adenosine on placental artery and vein has been demonstrated in vitro (41) . However, the role of adenosine in placental blood flow autoregulation remains conjectural.
Human placental adenosine kinase (E.C. 2.7.1.20) has a low K,,, for both adenosine (0.4 pM) and Mg ATP (75 pM) (42) . We presumed that intracellular ATP did not reach levels this low until during the second half of incubation. Therefore, some rephosphorylation of adenosine to AMP most likely took place at least during the first 120 min.
However, our data indicate that the human trophoblast is able to synthesize and possibly secrete adenosine into the intervillous mace and/or villous interstitium during r a~i d adenine nucleotide catabolisA. It remains to be establishid {f adenosine is capable of diffusing through the interstitium and exerting regulatory --effects on the fetal vasculature traversing the villous core.
CONCLUSION It thus appears that I ) the human trophoblast is able to maintain its energy supply during transient hypoxia by anaerobic glycolysis alone, 2) short-term deprivation of exogenous glucose does not adversely affect trophoblastic energy status, 3 ) the trophoblastic response to interference in its glycolytic production of ATP does not change as a function of gestational age, 4) susceptibility of trophoblastic tissue to deprivation of exogenous glucose and oxygen may increase with gestational age, 5) the main pathway for trophoblastic AMP-catabolism is deamination to IMP, and 6) human trophoblast is able to produce adenosine during accelerated adenine nucleotide catabolism.
